The structural and interface changes induced by thermal annealing in Co/C multilayers were investigated.
Introduction
Multilayer mirrors are widely used as reflective optical elements for applications such as extreme ultraviolet (EUV) lithography [1] , solar astrophysics imaging [2] , synchrotron radiation [3] and x-ray spectrometry [4] .Near the "carbon window" region (λ~4.5 nm) where the absorption of carbon materials is low, Co/C multilayers have the rather hightheoretical reflectivity [5] and have been produced for Schwarzschild objective [6] . The peak reflectivity of Co/C multilayers was measured to be 14.8% at incident angle of 5°.In x-ray optics of synchrotron radiation beamlines and telescopes for astronomical observations, multilayers are used as monochromators and focusing elements. Co/C multilayers are promising near Co K-edges because of their fine optical properties [7] .
In order to improve the optical performance, it is necessary to deposit multilayer films that give rise to smooth and sharp interfaces, as the interface imperfections (i.e., roughness anddiffussion) will reduce the reflectance and increase non-specular scattering as well [7] .Furthermore, multilayer mirrors are usually exposed to high flux of incident photons or endure high heat loads in practical applications such as solar observation or synchrotron radiation, where they might reach temperatures and heat load in excess of 500°C [8] and 100 W/mm 2 [9] . It is known that the structure and interfaces of multilayers may change, e.g. period expansion or contraction, interdiffusion, crystallization, which could reduce the optical performance and accelerate the aging of the multilayer [10] . Thus, it is important to investigate the thermal stability andstructure evolution of the multilayers.
In this paper, we combinedX-ray reflectivity (XRR), X-ray diffuse scattering(XDS), zero-field nuclear magnetic resonance (NMR) spectroscopy and X-ray diffraction (XRD)techniques to investigate the evolution of structure and interfacesof Co/C multilayers upon annealing.
Experiments
The Co/C multilayers were deposited onto polished Si wafer by ultra-high vacuum direct current (DC) magnetron sputtering system with targets of Co (purity 99.95%), C (purity 99.99%). The working gas is argon (99.999%). The base pressure was 1×10 -4 Pa and the sputtering gas pressure was 0.13 Pa. The deposited multilayer was designed with bilayer number N=20, period thickness Λ=4.1nm, and the thickness of Co layer, d Co =1.5nm.The layer thickness was calibrated by using grazing incident X-ray reflectivity measurement. After deposition, the samples were mounted on a plate heated by a wire-wound furnace in a vacuum chamber with a base pressure of 3×10 −4 Pa. The samples were heated from room temperature to 300 and 600°Ckeeping for 1 hour. A detailed description of the deposition and annealing setup can be found in Ref. [11] .
The structure of the multilayers was analyzed by using grazing incident XRR on aX-ray diffractometer (D1 system, Bede Inc.) at Cu Kα line (0.154 nm)working in the θ-2θ mode. The angular resolution is 5/1000°. Bragg law corrected for refraction was used to determine the multilayer period. The fitting of the XRR curves performed with Bede Refs software was used to determine thickness, roughness and density of each layer.Rocking curves were measured by using the samediffractometerwiththe detector fixed at the angle of first order Bragg peak.XRD measurements in the symmetric (θ-2θ) geometry were performed on a Rigaku-Dmax-2550V powder diffractometer.
In order to probe the chemical state of the Co atoms within the multilayer, the samples are analyzed byNMR spectroscopy. The NMR spectra represent the distribution of the Co atoms as a function of their resonance frequency, i.e. the hyperfine field experienced by the Co nuclei [12] [13] . The NMR resonance frequency is sensitive to the local environment of the probed atoms: nearest neighbor local structure and/or local chemical environment. To enhance the sensitivity, the testing temperature is 2 Kfor all the samples.All spectra have been recorded for different values of radio frequency field strengths allowing for correcting the NMR intensities for a frequency dependent enhancement factor.
Results and discussion

Grazing incident X-ray reflectivity
Thegrazing incident X-ray reflectivity curves of the Co/C multilayers are presented inFigure 1.All the XRR curves were fitted to obtain the roughness, thickness and density of individual layers. The fitted values are listed in Table. 1. For the sample annealed at 300°C, the Bragg peaks slightlyshift to lower grazing incident angle with respect to those of as-deposited sample.This means a slightincrease of period thickness. When the sample was annealed at 600°C, we observe anexpansion of 17.5% in period thickness (from 4.09 nm to 4.81nm).
The fitting results reveal that the carbon layer plays a crucial role in the period expansion. After 600°C annealing, the thickness of C layer increases from 2.58nm to 3.37nm.Observation of period expansion in carbon-based multilayersafter annealingwasreported in Cr/C [14] ,Pt/C [15] and W/C [16] systems. This phenomenon is attributed to the graphitization of the amorphous carbon layers by annealing, which is confirmed by Raman scattering measurements [14, 16] . There is a convention of sp3 bond to sp2 bond and amorphous carbon structure to nanocrystalline graphite in carbon layers during annealing [14] . The density of carbon changes linearly with sp 3 fraction [17] . That is to say, the density of carbon should decrease and the thickness of the carbon layers should increase upon annealing. The thickness of Co layers decrease from 1.51nm to 1.44nm.
This may be due to the demixing of Co and C atoms in the Co layers after annealing which will be mentioned below. In Figure 1 
Zero-field nuclear magnetic resonance (NMR) spectroscopy
NMR spectra for the Co/C multilayers are presented in Figure 2 . All spectra in Fig.2 (a) are normalized to the surface area of each sample because the intensity is proportional to the size of samples. The spectrum of the Co/C as-deposited multilayer shows a weak signal without any defined feature in the frequency range of pure
Co.This indicates that the Co layers are not pure but that alien carbon atoms are mixed with Co over the total Co thickness. The as-deposited multilayers are actually CoC x /C multilayer with probably some concentration gradient at the interface with the C layers. In addition some Co atoms are most probably also situated in non-ferromagnetic phases (and therefore give no NMR signal) with a large content of C.The metal-containing layer is a Co-C alloy with the density of 6.2-6.5 g/cm 3 that is less than density of massive Co and carbon enriched Co 2 C layers [18] . As a result, Co/C multilayer mirrors consist of cobalt-carbon alloy and amorphous carbon layers.
The NMR spectrum of the Co/C 300°C annealed sample shows no defined peak either, meaning that Co and Catoms are still stronglymixed in CoC x layers. There is a broad structureat 110MHz showing that some atomic motion occurred during annealing but the exact origin of this signal is difficult to identify. However,compared to the result of as-deposited samples, Co and C has a tendency of demixing at a temperature of 300°C. Indeed the demixing processbetween the Co and C atoms increases thex-rayopticalcontrastof the Co/Cmultilayers. That is why the X-ray reflectivity is improved at temperature of 300°C.
The spectrum of the Co/C 600°C annealed sample shows a well-defined peak at about 220MHz which corresponds to bulk hcp /fcclikeCo [12, 13] . This means that the pure Co regions appear and the diffusion decreasesat the interfaces.We infer from these results that Co and C layers in the Co/C stack are strongly mixed during deposition and then demixingoccursupon annealing. Based on the Miedema's macroscopic atom model [19] , the mixing enthalpy of Co-C system is calculated and the results are shown in Fig.3 . It can be seen that the value of mixing enthalpy is positive at any carbon concentration. Thisindicates that the Co-C system is easy to separate into two phases from the view of thermodynamics. This is in agreement with the NMR results. On the other hand, the carbon atoms separating out from CoC x layers may be an additional reason for the expansion of carbon layers. 
X-ray diffuse scattering
The NMR results confirm the decrease of intermixing after annealing. Thus we attribute the deterioration of the interfaces to the increase of geometrical roughness. Therefore, X-ray diffuse scattering measurement was performed. Figure 4 shows the rocking curves measuredaround the first Bragg peakfor the three samples. For the as-deposited and 300°C annealed sample there is no significant change of the intensity except a slight shift of peak position.After annealed at 600°C, a high intensity of diffuse scattered x-rays is observed, indicatingsignificant increase of the interfaces roughness. Fig.4 . Rocking curves around the first Bragg peak of as-deposited and annealed Co/C multilayers.
X-ray diffraction
The x-ray diffraction patterns of Co/C as-deposited and annealed at 300°C and 600°C samples are presented in Fig.5 . A broad intensity can be observed around 44.5° around the hcp(0002)/fcc (111) [20] peak position for the sample annealed at600°C. Compared with the amorphous layers of as-deposited and 300°C annealed sample, this peak indicatesa significant structural change:the amount of pure Co increases upon annealing. This is in good agreement with results of NMR spectra. Co and C atoms may not separate completely because the XRD peak is weak and its width is much broader than reported for Co/Cu multilayers with 1.5 nm thick Co layers [21] .
That is to say, the Co layers still contain a certain amount of C upon600°C annealing.
The reduction in reflectivity induced by interface roughness becomes more significant as the multilayer period thickness decreases, because the ratio of the interface roughness to the multilayer period thickness directly affects the reflectivity according to the Debye-Waller factor [22] . Crystallization of metal layers in multilayers can cause an increase of geometrical roughness [23] . Crystallites can nucleate at some points during annealing. They have a size limited to the metal layer thicknessin the growth direction and arealso small in the in-plane direction. The spatial distribution of crystallites in the metal layer is replicated as a modulation of the surface height.Since the metal layer become rougher, the nonmetal layer on top of the metal layer also becomes rougher. For the Co/C multilayers annealed up to 600°C, the crystallization of Co layers increases the geometrical roughness and aggravates the overall imperfection of the interfaces. 
Conclusion
Sputter-deposited Co/C multilayers annealed up to 600°C (2.6 nm C /1.5 nm Co) 20 areinvestigatedby using XRR, XRD, XDS and NMR techniques. The multilayer is stable up to 300°C and there isa slightincrease in the period and reflectivity.We demonstrate through the NMR spectroscopy that the strong demixingbetween Co and C atoms occursafter annealing at 600°C.This phenomenon is also demonstrated by the Miedema'smodel which shows the phase separation of the Co-C system.The XDS and XRD results show that when the annealing temperature increases up to 600°C, although the demixingof Co and C atoms increases thex-rayopticalcontrastof the Co/Cmultilayers, the formation of small Co crystallinegraincauses the interfaces rough. The demixing and graphitization of the amorphous carbon layersinduceanexpansionof period thickness.
